
NASA-CR-2O1111

THE COMPUTATION OF THE AERODYNAMIC BEHAVIOR OF
NON-CONVENTIONAL ROTOR TIP CONFIGURATIONS

Final Report for the Period

July 1, 1995-August 31, 1995

Attn: Dr. Francis X. Caradonna

U.S. Army Aeroflightdynamics Directoratc
Mail Stop 215-1

NASA Ames Rescarch Center
Moffctt Field, CA 94035

Prcpared by

Lakshmi N. Sankar and Nathan Hariharan

Schtx_l of Aerospace Enginceri ng

Georgia Institute of Technology, Atlanta, GA 30332-0150

November 1995



INTRODUCTION

Thisresearchprojec!is aimedatstudyingthetip vorticesgeneratedby a two bladed

rotorswith ananhydraltip, in hover.An issueto beexaminedwaswhethertheanhydral

shapeincreasesthespacingbep,veentherotor disk and thetip vortex geometry,compared
toa straighttip rotor. Suchan increasein thespacingis expectedto leadto weakerblade
vortexinteractions,lowervibrator3'loadsandlowerBVI noise.

RESEARCHPERSONNEL

The calculationsreportedherewere doneby Mr. NathanHariharan,a graduate

studentat GeorgiaTechduringa one monthvisit to NASA AmesResearchCenter.Dr.
FrancisX. Caradonnaof theU. S. Army AeroflightdynamicsDirectorate(AFDD) was the

technicalmonitor,anddirectedthisresearch.Dr. Ramachandranof theU. S. Arm,',"AFDD
assistedMr. Hariharanin thiseffort, andprovidednumericalsolutionsfor comparison.Dr.

L. N. Sankar,wastheprincipalinvestigatorof this effortandassistedMr. Hariharanin the

flox_solvcrdevelopment,grid generationeffort andin the interprctationof the computed

results.
COMPUTERCODESUSED

A 3-DunsteadycompressibleNavier-Stokessolver GT-ENOdevelopedat Georgia

tech by the researcherswas used in this study. This soher integratesthe unsteady

compressibleNavier-Stokesequationsin time using a secondorder accurate,itcmtive

implicitscheme.The equations are sohed in an integral form using a finite xolume scheme.

The mass, momentum and energy fluxes at the cell faces were computed using a fifth order

accurate, non-oscillatoB' interpolation scheme. Numerical viscosity was built into this flux

evaluation using the Roe scheme. All the calculations were done in an inertial frame. A

body-fitted coordinate system attached to the rotor was used. This flow soher has been

extensively validated for isolated rotor configurations, in the Ph.D. dissertation of

Hariharan [1]. Calculations for the anhydral rotor and the straight tip rotor were done in

parallel by Ramachandran using the well known HELIX code [2, 3].

RESULTS AND DISCUSSION

Two blade configurations - an anhydral geometry, and a straight tip rotor- were

considered. Except for the tip geometry variation, these two configurations were nearly

identical facilitating one-to-one comparison between straight and anhydral rotors.



Figure1showsthebladeplanform, thesurfacegrid over theanhydraltip, and the

body-fittedgrid for theanhydralg_)metry.For thetwo-bladedconfigurationoperatingin
hoverconsideredhere,it is sufficientto solvetheflow overa singleblade,with periodic

boundaryconditionsattheupstreamanddownstreamboundaries.

Figure 2 shows the body fitted grid at a single radial location, and at a single
chordwiselocation.It is seenthatthegridis nearlyorthogonalto thebody surface.This is
essentialto stable,accuratesolutions.It is also seenthatthegrid lines are clusteredonly

nearthebladetip. Elsewhere,thegridlinesaresparselyspaced.

Figure 3 showsthecomputedsurfacepressuredistributionsfor the straightrotor
for a subsonictip Machnumber.Gcxxtagreementbetweenthepresentsimulationandthe
HELIX codeareobseraedin thetip region,thefact thatt_vowidely differentformulations

in usewithin theGT-ENOand theHELIX codegive nearlyidenticalresultincreasesour

confidencein theabilityof thesecodesto modeldetailsof thetip flow phenomena.

At the inboard stations, the GT-ENO code has very few points, and tends to

overpredict the lift and drag as shown in figure 4. The GT-ENO simulation is
computationallycostly,andhadto bestoppedafter severalthousandtimesteps,whenthe
flow field nearthetip hasstoppedchanging.The wake had not fully evolvedwhen the

calculationswere stopped.This leads to an underpredictionof the inflox__ and an

overpredictionof thelift. Nearthetip, thepe_ valueof C_aswell asthe variationarein

goodagreementwith HELIX.

Figure5 shov,'sthesurfacepressuredistributionfor theanhydraltip case.As in the
caseof thestraighttip rotor, agreementwith theHELIX codein the immediatevicinity of

thetip isexcellent.

Figure6 showsthetip vortexevolutionfor thestraightand theanhvdraltip cases.
The GT-ENOcodeshowstheformationof the tip vortex in cleardetail, and the vortex

appearsto bewell resolvedfor significantdistancesdownstreamof thebladetrailingedge.

For theanhydraltip, in additionto thetip vortex,a smallersecondaryvortexwasseenat
the locationwherethebladebeginsto bend. Figure7 showsthevortexiso-surfaceplot for

theanhydraltipcase.It is seenthatthis iso-surfaceprcscraesits shape,x_ithoutexcessive
diffusionfor atlea_st180degreesof azimuth.



Figure8 showstheradialvariationof thesectionallift anddragcoefficientsfor the

anhydraltip case.Thecomparisonswith theHELIX codearenot as goodhereas for the

straighttip. Thepeaklift coefficient nearthetip wasequalfor thesetxvocodes.The GT-

ENO codepredictsthatthispeakoccursmoreinboard.

The bladevortex interaction,i.e. the interactionof the tip vortex generatedby a

bladewith thefollowing bladeis now studied.Figure9 showsthevorticity contoursfor

theanhydralcaseat a typicalchordwiselocation.For reference,thestraightbladetip has
alsobeendrawn, but the vorticity contoursare for theanhydralcase.In figure 10, the

vorticit3"contoursin the vicinity of the straightbladeareshown, with the anhydraltip
drawnfor referencepurposesonly. Figures9 and 10showthatthevortexcorefor thetwo

bladesisat nearlythesamegeometriclocationfor thetwo bladetips. In othera'ords, the
vortexdescentand contractionover a 180 degreeazimuthfor the two casesare nearly

equal.This is confirmedwhenthesetwo figures areplottedone on top of the other, in
figure 11.Thetwo tip vorticesarevirtually indistinguishablefrom oneanother.

CONCLUDINGREMARKS

Calculationswerecarriedout for t_voseparatet_vo-bladedrotorsin hover, one with

a straighttip and thc secondwith an anhydral.The simulationssho_ that the vortices
descendand contractby approximatelythesameamount,if all otherparameterssuchas

rotordiameter,tip Machnumberandcollectivepitchareequal.Theclearancebet_veenthe

tip vortexandtherotor disk hasnot increasedwith the useof thc anhydraltip shape,as

hoped.

Thesecalculationsarepreliminary,andmustberepeatedonafine grid, for a longer

periodsof time.Additionalone-to-onecomparisonswith moreefficient, "potentialflow "
methodssuchas HELIX codemust also be carriedout. This calibrationwill allow the

designersto useefficientmethodssuchas the HELIX codeat low thrust settings,and

viscousanalysessuchastheGT-ENOcodeat highpitchsettingswith confidence.
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Planform and the II-H grid system

Figure 1. Overview of the Btxlyfitted grid
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Comparison of surface Cp distribution near the rotor-tip.
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Figure 3. Comparisons between the GT-ENO code and the HELIX Code for the Surface
Cp distribution over the Straight Tip
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Figure 4. Spanwise Loading over the Straight Tip Predicted by the GT-ENO and HELIX
Codes
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Figure 6. Spanwise Blade Loading over the Anhydml Tip Predicted by the GT-ENO and
HELIX Codes
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Tip Vortex Evolution: Non-amhQdral planform.

Tip Vortex Evolution: lkzlwdral planform.

Vortictty _agnitude contours at various strea_wise stations

Figure 7. Comparison of the Tip Vortex Evolution for the Straight and Anhydral Tip
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Vorticity iso-surfa_e for the fl_field computed using
GT EI_O. _n_edral planform.

Figure 8. Vontcit_, lso-surfaccs Computed by the GT-ENO code for thc Straight and
Anhydral Tips
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The anhedral and non-anhedral planform surfaces
plotted together

(a) Position of the _ortex from the non-anhedral planform

( Vorticity contours computed at a 75% cl_rdwise station,
GT_ENO for th_ non-_ral planform )

Figure 9. Position of the Vortex shed from the Previous Blade for the Straight Blade Tip
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(b) Position of the _)rtex from the ard_edral planform

( Vorticit¥ contours computed at a 75t _rd_Lse station,
usir_ GTEHO for _ ard_dral planform )
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(c) _briticit_ contours from _ ank_dral and non-anl_dral
computations plotted on top of each other for positional
reference.

Figure 10 (Top). Vortex Shed from the Previous Blade for the Anhvdral Tip

Figure l I. (Bottom) Tip Vortices for the Straight Blade and Anhydral Blade Supcrl:x_sed on
Top of Each Other


